ing of the other twin. This paper reports results on 1,364 identical twins, of whom 428 comprise 214 identical twin pairs with complete wage and schooling information. We also report results from a follow-up survey on test scores and additional schooling information for 67 pairs.
We believe our study is of interest for five main reasons. First, given the interest in genetics and economic success (see, e.g., Richard J. Herrnstein and Charles Murray, 1994), data on genetically identical individuals are of particular value.2 Second, while there are many earnings/education studies, there are comparatively few based on identical twins.3 Thus we add to this literature. Third, our study is the first for the United Kingdom to present within-twinpair4 estimates using identical twins. David G. Blanchflower and Peter Elias (1999) used a sample of 23 twin pairs from the U.K. National Child Development Study, but there was insufficient variation of education within each twin pair to perform any within-pair regressions. Fourth, we have followed Ashenfelter and Krueger's (1994) innovation of asking one twin to report on the schooling of the other, in order to examine possible measurement error. Fifth, our study has more data on twins than other studies including ability test scores, reading scores, smoking behavior, and schooling details.
The major criticism of within-twin-pair estimates is set out by John Bound and Gary Solon 2 See, e.g., Orley Ashenfelter and David J. Zimmerman (1997) for a study based on brothers and father-son pairs.
3 We are aware of seven: for the United States: the Twinsburg sample (Ashenfelter and Krueger, 1994; Ashenfelter and Cecilia Rouse, 1998; Rouse, 1999) , the NAS study (Paul Taubman, 1976) , and the Minnesota studies (Jere R. Behrman and Mark Rosenzweig, 1999), for Sweden (Gunnar Isacsson, 1999) , and for Australia (Paul Miller et al., 1995) . 4We follow the medical literature and use the term "within-twin pair," or "within pair" to describe estimates using differences between twins of the same pair. These are variously referred to in the economics literature as betweentwins estimates, within-family estimates, first-difference estimates, or within-twins estimates. 1799 (1999) and David Neumark (1999) , building on earlier work by Zvi Griliches (1979) . They argue that while within-pair differencing removes genetic variation, differences might still reflect ability bias to the extent that ability is affected by more than just genes. To examine this, we follow and extend Ashenfelter and Rouse (1998) . We calculate the correlation of average family education with those average family characteristics that might plausibly be correlated with ability or discount rates (e.g., birthweight, partner's characteristics, and smoking). This indicates expected ability bias in a pooled regression. We then calculate the correlation of within-twin-pair differences in education with within-twin-pair differences in characteristics. This indicates expected ability bias in a withintwin-pair regression. Using a range of variables, we find significant correlations in the pooled case, but no significant correlation in the withinpair case. This suggests that ability bias in pooled regressions is likely to be higher than that using within-pair regressions.
There are three other new contributions of this paper. First, we have data on twins' exam and reading scores. Like the other characteristics, we find no correlation between differences in these scores within twin pairs and differences in their education. Second, we also have data on smoking at ages 16 and 18 and we investigate whether smoking is a valid instrument for education. We find that smoking seems to be correlated with family background rather than reflecting individual discount rates and therefore is unlikely to be a valid education instrument. Third, we have information on differences in schools and school classes attended. Not only did the vast majority of twins in our data attend the same school but they also were in the same class.
The plan of the rest of this paper is as follows. In the next section we set out some simple theory. In Section II we describe the data and in Section III the results. Section IV contains concluding remarks.
I. Method
Suppose the wage of twin i in family f is determined by log wif = 3Sif + Aif + sif where Sif (i = 1, 2) is schooling, Aif is "ability," broadly defined as all the other effects on wages outside those of schooling (intelligence, motivation, access to educational funds, etc.), and eif is an independently and identically distributed (i.i.d.) error.5 A within-twin-pair estimator of 3 for identical twins, PWTP, is based on (1) log Wlf -log wf = 3WTp(Slf -S2f)
where aif is ability net of family and genetic effects. There are two issues that arise with this method. First, Rouse (1999) estimates that 10 percent of variation in schooling is due to measurement error. Since measurement error in schooling will be exacerbated by the differencing, 3wrT will be downward biased due to the attention bias arising from measurement error (Griliches, 1979 ; Neumark, 1999). We therefore follow Ashenfelter and Krueger (1994) in instrumenting the reported schooling differences with differences based on reports from the other twin.6
The second question is what causes the differences in schooling between identical twins? Ashenfelter and Rouse (1998), Bound and Solon (1999), and Neumark (1999), following earlier arguments due to Griliches (1979) , debate this at length in recent papers. Conventional ordinary least-squares (OLS) ability bias to 3 depends on the fraction of variance in schooling that is accounted for by variance in unobserved abilities that might also affect wages. Similarly, ability bias to f3wT depends on the fraction of within-pair variance in schooling that is accounted for by within-pair variance in unobserved abilities that also affect wages. If the endogenous variation within families is smaller than the endogenous variation between families, then 3wrp is less biased than P. Hence even if there is ability bias in within-twin-pair regressions, 3wrp might still be regarded as an upper bound on the returns to education (if schooling and ability are positively correlated). However, 5 i takes the numbers 1 and 2. We have one set of triplets on our data, which we dropped. 6 Ashenfelter and Rouse (1998) and Rouse (1999) experiment with a number of different instrumentation methods using combinations of own and other twins reporting.
Here we instrument using the report of one twin on the education of another. Other instrument configurations gave similar magnitudes to those reported below.
Bound and Solon (1999) argue there is no a priori reason to believe that 3wr is less biased than 3. Ultimately the matter is of course an empirical one. Its investigation is subject to the central problem that ability is not observed. Ashenfelter and Rouse (1998) therefore look at the correlation between schooling and potential correlates of ability (e.g., employment status, tenure, and spouse's education). To investigate the covariance of schooling and ability between families they examine the correlation between the average level of schooling and the average level of characteristics across different families. To investigate the covariance of schooling and ability within families they examine the correlation between the difference in schooling and the differences in characteristics within twin pairs in the same family. They find the former is bigger than the latter and hence argue that most of the variation in ability is between families and not between twins within a family. We present similar investigations below and find similar results to Ashenfelter and Rouse (1998). We also extend their results by looking at twins exam performance and literacy test scores.
Using the same framework we also investigate the suggestion that smoking be used as an instrument for education, since it might proxy discount rates (Victor R. Fuchs, 1986 Taubman 
III. Results

A. Returns to Education
Table 2 sets out our estimates. Column (1) shows an OLS regression using all working women from the LFS, entering schooling, age, and age squared. The return to education is quite precisely estimated at 7.8 percent. The rest of the columns are estimates for twins. Column (2) is an OLS pooled regression using all identicals for whom we have complete wage information, 428 individuals, and schooling, age, and age squared as regressors. This gives a return to education of 7.7 percent, similar to the figure in column (1). Column (3) maintains a pooled specification, but instruments education with reported level of the other twin. This should control for measurement error in reported education, which would bias down the returns estimate in column (2). As column (3) shows, returns rise to 8.5 percent when this is done. Column (4) estimates the within-pair equation (1). Figure 1 illustrates data in this case. The cluster around zero is due to the fact that 55 percent of the twin pairs have the same education years. Since the pooled estimates do not control for ability bias we would expect the within-pair returns estimates to be less.9 As column (4) shows, the return is indeed less, at 3.9 percent, but is poorly determined. This figure might however also reflect downward bias due to exacerbated measurement error in the differenced equation. To check this column (5) instruments reported schooling. As expected the point estimate rises to 9 If the variation within twin pairs is uncorrelated with ability, or if there is more between-family ability bias than within-family bias. 7.7 percent, with a standard error of 0.033. Comparison of the pooled IV and the within-pair IV estimates therefore provide an estimate of the magnitude of ability bias as both control for measurement error; comparing columns (3) and (5) suggests ability bias is positive.
The right-hand panel of the table repeats the exercise controlling for marriage, current job tenure, part-time status, and region.101 The pattern of point estimates on the regressors is similar. As before, measurement error biases returns down (OLS returns are less than IV returns) but here the within-pair IV estimates are slightly higher than the pooled IV estimates suggesting negative ability bias.
Thus we can conclude the following. First, ability bias appears to bias the pooled estimates upwards [with the exception of column (9)]. Second, measurement error appears to bias all estimates downwards especially in the case of the within-pair estimate. Third, female 10 Region is only identified where twins live in different regions. With finely defined regions this rapidly exhausts degrees of freedom and we therefore opted for a London and South East region dummy (the area where U.K. wages are significantly higher). Note we cannot control for ethnicity in the differences since identical twins have the same ethnicity. Table  4 .3, column 4). Thus our results are similar to hers. Fifth, these above comments on the twins' results refer to our point estimates. It is worth noting that our within-pair results are insufficiently precise to state that such differences are statistically significant.11 Nonetheless the pattern of point estimates is that suggested by theory and very similar to the pattern in other twin studies; see the conclusion for a summary.
" Using Hausman tests for differences between the IV and OLS coefficients in columns (2) and (3), (4) and (5), (6) and (7), (8) and (9), we could not reject the null of no difference between them. 
B. Ability Differences Within Twin Pairs
To investigate ability biases within and between families Table 3 shows the results of the correlation analyses described in the introduction. Consider the first column, first row. This shows that the correlation between average family education and average family birthweight is 0.22 and is highly significant. It suggests that families with low average birthweight have low average schooling, consistent with ability and family background affecting schooling choice. The second column shows an insignificant correlation between differences in education within twin pairs and differences in birthweight within twin pairs. To the extent that birthweight measures ability therefore, between-family differences in education are more affected by ability bias than the within-pair education differences.
The rest of the first column shows other family correlations. This shows strong correlations between average family education and average family marriage status, self-employment, parttime status, partner's tenure, and partner's occupation. The second column shows the correlations between within-pair differences in education and within-pair differences in characteristics. None of them is significant. In sum, within-pair education differences are uncorrelated with any other within-twin difference in observables. Of course, these characteristics are incomplete measures of ability, but the evidence is suggestive, especially as it mirrors that found by Ashenfelter and Rouse (1998).
For a subsample of twins we managed to collect more detailed data on characteristics that are also likely to be highly correlated with ability. For these twins we have their reading score on the National Adult Reading Test (NART) and whether the twins passed the 11 + exam (an exam taken at age 11). Before the introduction of comprehensive schools, the 11 + was universally applied across Britain as a means of selecting which secondary school to attend. If the pupil passed the 11 + (around 25 percent of the population) this meant that they were selected to attend a grammar school where education was largely academically based. If the pupil did not pass they were selected to attend a secondary modem school where education was more vocationally based. As a result this 11 + test result can be regarded as an early ability test.12 However, we only have data on 43 pairs (86 individuals) who reported the answer to this question in a short follow-up questionnaire we conducted. Of these 43 pairs only 3 pairs actually received a different result in the 11+ test.13 As shown in the lower panel of 12 The 11+ consists of four multiple choice tests of English, math, verbal, and nonverbal reasoning. The aim of the test is to elicit academic versus vocational ability. 13 Fifteen pairs both passed and 25 pairs both failed: in only 3 pairs did one pass and one fail. Table 3 , the NART results confirm the same pattern as the other ability correlates: there is a high and significant correlation between average family NART and average family education but the corresponding correlation of within-twin differences is insignificant. This is additional evidence that educational differences within twin pairs are likely to be less correlated with ability difference than across families.14
C. Smoking as an Instrument?
A strength of our data is that we have information on the smoking behavior of the twins at the age of 16 and 18. Smoking has been suggested as an instrument for education, since it might proxy discount rates (Fuchs, 1986) Evans and Montgomery (1994) show that smoking is highly correlated with educational outcomes and use it as an instrument in estimating returns to education. Their IV estimate of the returns to education lies about 10 percent above the OLS estimate.15 This would indicate negative ability bias, unlike twins studies where ability bias is small or positive. Evans and Montgomery present indirect evidence that the correlation of smoking and educational attainment is due to differences in time preferences. However, they acknowledge that there is no possibility to test this directly against the alternative hypothesis that the observed correlation is due to unobserved "ability" in a very broad sense including genes, family, and social background as well as peers.
While not able to perform a direct test, our twin data allow us to advance indirect evidence which relies on the correlation method used in Table 3 . A significant negative correlation between average family smoking and average family education is consistent with either smoking reflecting discount rates or family background. However, if smoking reflects individual's discount rates, differences in smoking within families should be correlated with within-family differences in education. But the within-pair correlation should be insignificant if the cross-sectional correlation between smoking and education is due to family background. Table 4 shows the correlation results for smoking. There is a strong significant negative correlation between average family smoking and average family education. However, there is no significant correlation between within-twinpair smoking and within-twin-pair education. This suggests smoking is more likely to reflect family background than discount rates. Furthermore, if the family background view is true and if ability bias is positive-as is the case for our data-then using smoking as an instrument is '5 The difference is higher in their estimates for females only. likely to exacerbate ability bias. Table 5 Our main concern is with the within-twinpair estimates and we shall argue that selection is not a problem as long as returns are linear. Consider first the effects on the pooled estimates. The profile of our twins in Table 1 suggests better-educated twins seem more likely to volunteer to be on the database and return the questionnaire. However, if returns to education are linear in schooling, then having a sample of highly schooled individuals should not matter for pooled estimates. If there are diminishing marginal returnsl8 then, since we have a slightly above average education group, our pooled estimates would understate the "average" marginal returns. As in all studies that are concerned with wages there is the potential of selection bias due to the participation decision. As our sample consists of female twins, selection issues of this kind do potentially affect our pooled estimates. We therefore experimented on the pooled regressions with traditional Heckman-correction models (using children and husband's occupation in the participation equation) but found no evidence that selection affected our estimates significantly.
Turning to the within-twin-pair differences, in conventional wage regressions the selection problem is that the observed sample consists of individuals with a high wage plus low-wage individuals with a positive wage shock. Here, the analogous problem is that very low-wage individuals with adverse shocks are not likely to be observed, thus likely removing those with low levels of education. But this does not 18 The higher marginal returns in IV studies are often attributed to high marginal returns for a low educated group whose behavior is frequently the source of variation of the instrument (Card, 1999). remove an individual in the differenced regressions, but rather a pair with one twin who has low education. If differences in education are random we are as likely to delete positive or negative differences as the twins are ordered randomly. In this case, then, if selection removes some differences it affects the precision of the estimates. What if differences in education are nonrandom? The sample correlation between average family education levels and differences in education was -0.02 (and insignificant). This suggests there are (very weakly) smaller differences in education in more educated families. Thus we are somewhat more likely to remove pairs of twins with low average levels of education. However, there is no bias as long as returns to education are linear, since it makes no difference if we observe differences in schooling years between high-educated or low-educated pairs. If returns are diminishing, however, and since highly educated twins have somewhat smaller differences, then our estimates might underestimate the "average" marginal return.
While this argument suggests there is unlikely to be a selection bias problem for the within-pair estimates, we tried some more formal testing. Following Insan Tunali's (1986) work on double selection (in nondifferenced models) we estimated a bivariate probit model for participation of twin pairs, which returned predicted probabilities of each pair both working, neither working, and one or other working. We used the predicted probabilities of each twin working to form two Heckman selection terms in the twins differenced wage equation. The terms were insignificant in the within-twin-pair regressions and the return to education parameter was unaffected. Thus there is no evidence that selection bias is a problem for our estimates, although the modest sample size and absence of a compelling instrument for the probability of twins working gives us limited power.
E. Other Aspects of Twins Schooling
To further explore this we asked a subsample of the twins a number of other questions.19 First, we asked about the twins' schooling experience. These are very similar. Reading down the panels in Table 6 , of our sample of 67 twin pairs, 100 percent of them went to the same primary school, with 90 percent of them in the same class. Ninetysix percent went to the same secondary school, with 62 percent in the same class. We asked why the remaining 38 percent were separated. As the table shows, 17 percent were separated because it was school policy to keep them apart, and 16 percent were separated due to ability. Differences were somewhat more marked in higher education, although in 60 percent of cases neither twin went to higher education, and 16 percent went to the same institution. Thus while it is not clear exactly why schooling years differ from these data, it does not seem that ability is a large determinant. Nor does it seem that differences in school or teacher quality underlie the earnings differences since the vast majority of twins went to the same school and class. ences in education and differences in these characteristics was the age at which first married (a correlation of -0.21, significant at 10 percent). This suggests putting this age into the earnings regression, or possibly using this as an instrument, but the sample sizes are rather too small to do this effectively. In sum, the only correlate of within-twin-pair differences in schooling is within-twin-pair differences in age at first marriage. No other characteristic is correlated with this and there is no evidence from schooling records that differences in abilities are marked (at least differences in abilities wide enough for different classes).
IV. Conclusions
We have used a new sample of identical U.K. twins to estimate returns to education using the within-twin-pair method to correct for measurement error. Our findings consist of (i) those arising from replication of method on new data and (ii) new findings. Concerning replication, we have four main findings. The point estimates from our twins sample confirm the theoretical prediction that, first, measurement error biases estimated returns to education down and, second, omitted ability biases estimates up. Third, in fact these effects roughly cancel each other out indicating a private return to education for women of 7.7 percent. Fourth, using similar correlates of ability to Ashenfelter and Rouse (1998), such as tenure, partner's occupation, etc., we find no correlation between differences in these measures within twin pairs and differences in their education, but a strong correlation between average family measures and average family education. This pattern is repeated using data on birthweight (which Ashenfelter and Rouse, 1998, did not have). Thus we find no evidence that ability bias is likely to bias our within-twin-pair results by more than the pooled results. Thus we expect ability biases to be less for within-pair estimators than for estimators not controlling for ability. Therefore, conditional on positive ability bias, which we find, our estimates at least tighten the upper bound for the returns to education.
Our new findings are threefold. First, for our whole sample we have data on early smoking behavior. Our results suggest that smoking is more likely to reflect family background than individual discount rates. Therefore, smoking used as an instrument for education is likely to exacerbate ability bias. Second, for a smaller sample we have data on twins' exam and reading scores. Like the other characteristics, we find no correlation between differences in these scores within twin pairs and differences in their education. To the extent that these measure ability differences, this again suggests that ability differences within twin pairs are less than those between families. Third, we have information on differences in schools and school classes attended. Not only do the vast majority of twins in our data attend the same school but they also are in the same class. This suggests that our Rouse (1999) shows this result appears in that particular cross section only and not found in the subsequent Twinsburg studies. cent, and in one (Ashenfelter and Krueger, 1994) smaller by 99 percent (in this study they are the same). The point estimate therefore suggests that in most cases the positive ability bias is slightly larger than the negative measurement error bias.
As in other twins studies, there are of course a number of caveats to our results. First, we do not have a large enough sample to show statistically significant differences between the various different estimation methods. Thus it is important to stress that our conclusions are on the basis of our point estimates. Nonetheless, the pattern of our point estimates are in line with both that predicted by theory and with other twins studies. Second, our estimates assume that returns to education are linear. This assumption is forced on us by lack of data; we do not have enough identical twin pairs with education differences across different qualifications to estimate different returns.22 Third, selection is often cited as a worry in estimates of female wage equations, if it yields a nonrandom sample of wages. The issue here is somewhat different: selection would be a problem if it yields a nonrandom sample of wage differences. We find only very weak evidence that there are smaller wage differences in more educated families, and since their average level of education is higher, our sample of differences consists, to some small extent, of smaller wage differences between better-educated families. Smaller differences decrease precision, and if there are diminishing marginal returns then we may underestimate the average marginal return to education.
In future work we hope to be able to extend the data set to consider male twins and, with an increased sample size, consider the issue of heterogeneous returns to education both with respect to different qualifications and to parental background. 22 Hawkes (2003) adds nonidenticals to our identical sample and, using pooled regressions, finds some evidence of different returns to different qualifications (10 percent for O-levels, 8 percent for A-levels, and 7 percent for degree). Again, these estimates are not significantly different.
